Objective-Childhood obesity is associated with risk factors for cardiovascular disease. Arterial stiffness is considered one of the earliest detectable measures of vascular damage. There is controversy in the literature regarding the effects of childhood obesity on arterial stiffness. The objective of this study is to systematically review the literature and to conduct a meta-analysis comparing measures of central arterial stiffness in children and adolescents with obesity to healthy body mass index controls. Approach and Results-Literature searches were conducted using databases (eg, MEDLINE, EMBASE) and citations cross-referenced. Studies assessing central pulse wave velocity or β-stiffness index were included. A random effects meta-analysis of the standardized mean difference and 95% confidence intervals in arterial stiffness between children with obesity and control children was performed for each arterial stiffness measure. A total of 523 studies were identified. Fifteen case-control studies were included, with 2237 children/adolescents (1281 with obesity, 956 healthy body mass index controls) between 5 and 24 years of age. All studies measuring carotid and aortic β-stiffness index and 10/12 studies measuring central pulse wave velocity reported greater arterial stiffness in children/adolescents with obesity compared with controls. A random effects meta-analysis was performed revealing a significant effect of obesity on pulse wave velocity (standardized mean difference=0.718; 95% confidence interval=0.291-1.415), carotid β-stiffness index (0.862; 0.323-1.402), and aortic β stiffness index (1.017; 0.419-1.615). Conclusion-These findings indicate that child/adolescent obesity is associated with greater arterial stiffness. However, further research is needed to address confounders, such as pubertal status, that may affect this relationship in children. In the future, these techniques may be useful in risk stratification and guiding clinical management of obese children to optimize cardiovascular outcomes. 
C hildhood obesity, defined as body mass index (BMI) at or above the 95th percentile for age and sex, 1 is a growing concern as almost one third of North American children and adolescents are reported to be overweight/obese. [2] [3] [4] Associated with adverse vascular changes in adulthood, 5, 6 it is now apparent that childhood obesity promotes immediate cardiovascular damage, well in advance of adulthood. 7 Central arterial stiffness (ie, encompassing primarily the aorta and carotid segments of the arterial vasculature), considered one of the earliest detectable manifestations of vascular insult, 8 may be measured noninvasively. [8] [9] [10] Age-related arteriosclerotic progression is accelerated through a variety of cardiovascular risk factors, obesity being one of paramount importance. 11 In a recent review, we noted numerous reports of elevated central arterial stiffness in children with obesity when compared with healthy weight children. 7 However, there are some conflicting reports in the literature, and not all studies have reported greater arterial stiffness in children with obesity. 12, 13 Given the importance of arterial stiffness as an indicator of future cardiovascular risk, 14 a systematic review and meta-analysis of the available literature is warranted.
Central measures of arterial stiffness are most strongly correlated with cardiovascular disease as compared with those taken from peripheral arterial segments 15 and display greater predictive value for cardiovascular events as compared with clinical risk factors, pulse pressure, and indicators of atherosclerosis. 16 In particular, aortic pulse wave velocity (PWV) is a robust predictor of cardiovascular events and all-cause mortality. 14 The strength of PWV in predicting cardiovascular events and mortality is further demonstrated by its inclusion in the recent European hypertension guidelines, which recommends PWV as an optional assessment in the management of hypertension. 17 In addition to regional stiffness, a local measure of central arterial stiffness, β stiffness index, provides a direct assessment of aortic or carotid wall stiffness, less dependent on blood pressure, and is considered advantageous over systemic arterial stiffness. 9, 10, 18 Within these parameters, the magnitude of central arterial stiffness in children with obesity is not known, which may provide a more accurate indication of future cardiovascular morbidity and mortality risk in these children. The objective of this study was to systematically review the literature pertaining to associations between arterial stiffness, as measured by central PWV and β stiffness, and obesity in children and adolescents.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Characteristics of the Studies
The literature search identified 523 potential publications, and after data extraction, 15 papers remained (Table 1 and Figure  1 ). The 15 studies collectively included 2237 children ranging in age from 5 to 24 years. Children with obesity represented 1281 of these children (age=13.0±2.3 years), with the remaining 956 serving as healthy BMI controls (age=12.8±2.4 years). Obesity was defined as a BMI ≥95th percentile for their sex and age. Reported absolute BMI ranged from 23.9 to 37.2 (obese, youngest to eldest cohort) and 15.5 to 22.3 (controls). Only 3 studies reported BMI z-scores, [19] [20] [21] and 1 study used it in their regression analysis but did not report the mean values. 12 As such, we were unable to assess the linear relationship between arterial stiffness and BMI z-scores, and children were assessed based on their categorization as obese or as a healthy BMI control. We did not assess linear relationships between arterial stiffness and absolute BMI because of the different ages and sex of the children in the studies. Boys and girls were analyzed as 1 group in all but 1 study 20 ; thus, our analysis is not able to distinguish sex-specific differences. A summary of the characteristics for the 15 studies is provided in Table 2 .
The 12 studies reporting central PWV 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] 30, 32 were of good methodological quality (Downs and Black scores ranged from 14 to 16). All but 2 of these papers 12, 21 reported increased arterial stiffness in the children with obesity compared with healthy BMI controls. Five of these studies accounted for blood pressure in their analysis. 12, 23, 27, 30, 32 Six of these studies determined PWV using the carotid-femoral wave forms gated to the ECG, 12, 21, 24, 27, 30, 32 2 studies used Doppler ultrasound traces from the ascending and descending aorta, 23, 25 whereas 4 studies used a single-point method of PWV determination using carotid β stiffness, diastolic blood pressure, and blood density. 19, 20, 22, 26 There were 4 studies assessing carotid β stiffness, 19, 20, 26, 28 all reporting a higher carotid β stiffness index in the children with obesity. Similarly, in the 4 studies assessing aortic β stiffness, 25, 27, 29, 31 all reported a higher aortic β stiffness index in the children with obesity. Methodological quality was also considered good as Downs and Black scores ranged from 14 to 15 and 14 to 15 for carotid and aortic β stiffness, respectively.
Meta-Analysis
Heterogeneity was confirmed with a statistically significant (P<0.001) Q statistic (201.8, 17.5, and 20.5) and I 2 (95%, 85%, and 82%) for PWV, carotid β stiffness, and aortic β stiffness, respectively. The random effects meta-analyses revealed obesity was significantly associated with greater measures of PWV (standardized mean difference [SMD]=0.718, 95% confidence intervals=0.291-1.145, z=3.297, P<0.001; Figure 2 ), carotid β stiffness index (SMD=0.862, 95% confidence intervals=0.323-1.402, z=3.119, P=0.002; Figure 3 ), and aortic β stiffness index (SMD=1.017, 95% confidence intervals=0.419-1.615, z=3.334, P=0.001; Figure 4 ). Overall effect size for each stiffness measure remained statistically significant throughout the 1-study-removed procedure (P<0.001, P<0.025, and P<0.019) for PWV, carotid β stiffness, and aortic β stiffness, respectively. Publication bias could not be ruled out on visual inspection of the funnel plots ( Figure 5 ).
The trim-and-fill method resulted in a lowering of the over- 
Discussion
This study aimed to determine the association of obesity and central measures of arterial stiffness in children and adolescents. All but 2 investigations reported greater arterial stiffness in children with obesity compared with healthy BMI controls. The included studies ranged from small to large sample sizes; however, the advantage of a meta-analysis is that larger studies are given more weight in the summary statistic, and the random effects model accounts for differences in measurement and patient samples used in the various studies. Overall, the meta-analysis found children with obesity have increased arterial stiffness than children with a healthy BMI, with strong agreement between different measures of central arterial stiffness. As the studies in this review are all case-control design (Level 3 evidence) with methodological quality limited to a score of 17, the findings indicate a strong association between childhood obesity and arterial stiffness over inferences regarding causality. Several terms in the literature are used synonymously with arterial stiffness, such as compliance, distensibility, and elasticity. There are many indices of arterial stiffness that may be derived from various methods of measurements. 33 Regional (ie, aortic PWV) and local (ie, common carotid artery) measurements are direct indications of the stiffness of the artery wall, with carotid-femoral PWV considered the gold standard. 9 Other noninvasive indices of arterial stiffness are hampered by methodological issues and assumptions or do not relate to cardiovascular outcomes. 9, 10 This review focused on direct measures of central arterial stiffness that have high predictive value for cardiovascular morbidity and mortality 9 and that may be practically applied in pediatric populations. 18 Two of the 15 investigations reported greater arterial stiffness in children and adolescents with healthy BMI compared with those with obesity, 12, 21 reporting instead a positive relationship between blood pressure and PWV independent of obesity. Children with obesity have a higher risk of hypertension 34 ; however, the relationship between hypertension and arterial stiffness in children is unclear. In adults, arterial stiffening as a precursor to hypertension is becoming more apparent, 35, 36 and they are interrelated such that increased arterial stiffness may be a risk factor for or marker of hypertension. 37 Environmental and genetic factors unique to each child may affect arterial structure differently and could explain how the presence of hypertension in the absence of arterial stiffness might occur in children with obesity. 38, 39 Another important consideration is that we are not able to exclude the possibility of publication bias, in which smaller studies with null findings may not have been published. Studies with significant or positive results may be published more often and faster than those with nonsignificant or negative results. 40 However, the adult literature demonstrates a robust association between arterial stiffness and cardiovascular risk, 14 deeming the current findings in children (based on the pooled analysis) highly probable.
There are several factors that may influence arterial stiffness. In the general adult population, PWV increases with increasing age and blood pressure levels. 41 However, in children, the influence of age on PWV is less clear [42] [43] [44] and may be confounded by pubertal status. One study in a healthy population of children between the ages of 3 to 18 years, reported that PWV remained unchanged during childhood but started to increase in girls at 10.4 years and in boys at 12.1 year, 42 suggesting an influence of pubertal status rather than age. 45 Sex and pubertal status, through changes in vasoactive hormone concentrations, are critical factors known to influence arterial wall properties and function. 45, 46 Although age and sex was often matched or controlled for in the 15 studies analyzed in this review, pubertal status was not, except for one study that assessed children at a Tanner stage ≥II. 24 Furthermore, the time course of pathological adaptation (increased arterial stiffness) to obesity is not known, and it is unclear how age, sex, or pubertal status may interact with obesity and affect arterial stiffness in children.
Understanding the effects of excess adiposity and elevated blood pressure on arterial stiffness in children is complex. To discern increases in BMI and blood pressure, which occur normally during growth and development, from pathological elevations in children, evaluation of standardized scores must be included. Age and sex are accounted for in BMI z-scores, and age, sex, and height are accounted for in blood pressure z-scores. In the absence of this standardization, comparing absolute values of BMI and blood pressure in children within a wide age range make interpretation of the data challenging. For example, a 9-year-old boy at the 5th percentile for height with a systolic blood pressure of 113 mm Hg is considered hypertensive, whereas this same blood pressure for a taller 11-year-old boy is considered healthy. 47 The majority of the papers included in this meta-analysis did not report BMI or blood pressure z-scores. Given the lack of standardized BMI and blood pressure data, our ability to accurately assess the direct linear relationships between BMI and blood pressure to measures of arterial stiffness is limited. Furthermore, as shown by Hvidt and colleagues, 21 statistical differences observed for absolute and z-scores may not always be in agreement. As such, future studies should include BMI and blood pressure z-scores or control for age, sex, and height in the analyses.
Despite stringent selection criteria for this review, there are some methodological limitations in the application of these techniques for the assessment of arterial stiffness in children with obesity that should be discussed. In the presence of excess adiposity, echocardiographic methods of vascular assessment may be limited because of poor image quality. As such, investigations matching control subjects to their study population should consider this in recruitment, expecting some data may not be useable. It should also be noted that calculations of β stiffness are derived using changes in carotid or aortic diameter in relation to pressures obtained at the periphery (brachial artery). As amplification of pulse pressure between central and peripheral locations are known to be different, β stiffness may be overestimated as a result. Previous work by Colan et al. 48 reported strong correlations between central aortic and brachial artery blood pressures (r=0.941-0.979) in infants and children, involving a wide range of pressure values. However, pulse pressure amplification may differ with obesity. 30 In addition, as blood pressure and artery diameter measurements are not collected simultaneously, the utility of these measurements are limited by the assumption that there are no hemodynamic variations within this time period. Moreover, for PWV analysis, variability in the determination of length measurement for the carotid-femoral segment hampers the comparison between studies using different procedures for acquiring path length. Intuitively, with a high degree of central adiposity, the path length may be overestimated, artificially inflating the measurement of aortic PWV in obese individuals, and the acquisition of the femoral wave form may be challenging. 9 Despite these limitations, PWV is considered the most favorable measure of arterial stiffness because of feasibility, reproducibility low cost of the measurement, and importantly, its association with adverse cardiovascular outcomes. 10 To date, the various techniques of PWV assessment have not been rigorously compared, nor have any relationships between central PWV and carotid or aortic β stiffness been reported. Although these relationships are not clear, by assessing the mean difference between groups within each study and applying this value to the meta-analysis, we eliminate any direct comparisons between the actual values derived from these techniques. The results of the present meta-analysis should be interpreted with caution. Although our data suggests a strong association between obesity and arterial stiffness in children and adolescents, adjustments for confounders, such as pubertal status, and standardized BMI and blood pressure scores was not possible, warranting further research to clarify this association. Measures of arterial stiffness are noninvasive, reproducible, and relatively inexpensive techniques. Although the prognostic significance of arterial stiffness has not been elucidated, it is a strong predictor of cardiovascular events in adults. Thus, in addressing the above mentioned confounders, future research may provide clarity to the association between arterial stiffness and obesity in children and provide evidence to support the use of such techniques in risk stratification and guiding clinical management of obese children to optimize cardiovascular outcomes.
Significance
This research represents the first systematic review of the literature as a means to evaluate the association between childhood obesity and noninvasive measures of arterial stiffness. The results of our meta-analysis indicate that childhood obesity is associated with greater arterial stiffness, and this relationship was apparent across the stiffness measures contained within this review. However, further research is needed to address confounders, such as body mass index and blood pressure z-scores and pubertal status that may affect this relationship in children. As central arterial stiffness has been linked with cardiovascular risk in adults, our results highlight the need for ongoing research to determine the prognostic significance in youth, as well as determining effective intervention strategies.
